. The rhythm of pineal melatonin synthesis is mainly due to a change in the activity of sero tonin N-acetyltransferase (NAT; EC 2.3.1.87), which cata lyzes the acetylation of serotonin (3, 4) . Dispersed chick pineal cells in culture show a persistent circadian rhythm in both NAT activity and melatonin secretion even in con stant darkness (5) (6) (7) , indicating regulation by the circadian oscillator located in individual cells (8) . Such intracellular regulation of the pineal melatonin rhythm in non-manima lian vertebrates is in contrast with that controlled by the central pacemaker located in the suprachiasmatic nuclei in mammals (9) . In all species, however, it is poorly understood how melatonin is released from the pineal cells, and no direct evidence has been provided that the synthesis and release of cellular melatonin take place simultaneously There are two possible mechanisms for the process of mela tonin release. That is, melatonin synthesized in the pineal cells may be (i) stored in vesicles, which then fuse with the plasma membrane for the release (exocytosis), or (ii) re leased directly through the plasma membrane either ac tively via a specific transporter or passively by spontaneous diffusion. For example, serotonin, a precursor of melatonin, and other monoamines are taken up into secretory vesicles vi a vesicular monoamine transporters (10, 11) , and then released through exocytosis (12 In this study we found that treatment of cultured chick pineal cells with BFA reduced melatonin secretion, but the reduction was not observed during the BFA treatment . Instead, the secretion was reduced just after the removal of BFA, and the temporal profile of its restoration was well correlated with the reassembly of the Golgi apparatus . Interestingly, the reduction in melatonin secretion after the removal of BFA was caused by inhibition of NAT activity We conclude that, in chick pineal cells , (i) melatonin is released with no contribution of the Golgi-derived vesicles , and (ii) the removal of BFA reduces melatonin secretion by inhibiting NAT activity at the protein level . adrenal chromaffin cells (22) . Thus, the difference in re sponsiveness to BFA may depend on the cell type.
MATERIALS AND METHODS

Materials
Transient Reduction in Nocturnal Melatonin Secretion Caused by Removal of BFA-We next examined the effect of BFA on melatonin secretion from pineal cells into the medium. In this article, we use the term "secretion" for a process composed of "synthesis" and "release." To evaluate the phase-dependent effect of BFA treatment, cultured chick pineal cells were subjected to BFA at four different phases. That is, the cells were treated with BFA or MeOH (control) on day 6 at ZT 0-6/ZT 6-12 (when melatonin secretion is low) or ZT 12-18/ZT 18-24 (when melatonin secretion is high), and then the melatonin secreted into the medium was quantitated (Fig. 2, a-d) . The 6-h treatment with BFA in the afternoon (ZT 6-12, Fig. 2b ) and early at night (ZT 12-18, Fig. 2c ) reduced the subsequent nocturnal melatonin secretion by 36% and 26% of the control value, respectively, and on the next day (day 7), the level of noc turnal melatonin secretion returned to the control value. In contrast, similar BFA treatment in the morning (ZT 0-6, Fig. 2a ) or late at night (ZT 18-24, Fig. 2d ) had little or no effect on the secretion. These results, particularly the lack of an evident effect of BFA applied late at night (Fig. 2d) , suggested that the transient reduction in nocturnal melato nin secretion occurs after the removal of BFA rather than during the treatment.
The possibility described above was examined by mea suring melatonin secretion at 2-h intervals during and after 6-h BFA treatment (Fig. 3, a and b) . When the cells were treated with BFA at ZT 12-18 on day 6 (Fig. 3a,  squares) , melatonin secretion was not affected during the treatment but decreased just after the removal of BFA, as compared with the control values )MeOH-treated cells; Fig.  3a, circles) . Prolonged exposure to BFA (i.e., without re moval of BFA at ZT 18) also reduced melatonin secretion (Fig. 3a, triangles) , but the inhibitory effect was delayed and smaller than that in the case of removal of BFA (Fig.  3a, squares) . Clearly, the reduction in melatonin secretion caused by 6-h BFA treatment (Fig. 2c) is mainly ascribable to the effect of removal of BFA. A similar or more pro nounced effect was observed when the cells were treated with BFA at ZT 6-12 (Fig. 3b) . The removal of BFA re markably suppressed the nocturnal increase in melatonin secretion for 4h (until ZT 16), followed by a delayed increase thereafter (Fig. 3b, squares) . In contrast, the prolonged treatment had no effect on the initial increase in nocturnal melatonin secretion (until ZT 14), although marked inhibition was observed in a later period (Fig. 3b,  triangles) . With respect to the morphological change of the Golgi apparatus, we observed the disrupted state at 4h after the removal of BFA at ZT 12 (ZT 16, Fig. 3c ), but the dispersed Golgi membranes migrated to the perinuclear region within 6h (ZT 18, Fig. 3d ) and reassembled to show an intact morphology within 8h (ZT 20, Fig. 3e ). It is noteworthy that this time course of reassembly of the Golgi apparatus correlated well with the gradual increase in melatonin secretion (i.e., delayed recovery) after 6-h BFA treatment (Fig. 3b. squares) .
Inhibition of NAT Activity Caused by Removal of BFATo determine which process of melatonin secretion (i.e., synthesis or release) is inhibited after the removal of BFA, the cellular melatonin contents were compared between BFA-treated and control (MeOH-treated) cells. After 6-h responsible for the nocturnal increase in pineal melatonin (24) . To investigate the effect of the removal of BFA on the activities of these enzymes, cultured pineal cells were treated with BFA at ZT 12-18 and collected for analyses just before (ZT 18) and 2h after (ZT 20) its removal. Con sistent with previous reports (4, 25) , the NAT activity level in the cell homogenate prepared at ZT 18 in the nighttime was about 10-fold higher than that at ZT 6 in the daytime (Fig. 4a, open bars) , whereas the level of HIOMT activity at ZT 18 was similar to that at ZT 6 (Fig. 4b, open bars) . Exposure of the cells to BFA from ZT 12 reduced the NAT activity by 38% at ZT 18 or by 45% at ZT 20 of the control (MeOH-treated) value (Fig. 4a , compare the shaded and filled bars for ZT 18 or ZT 20, respectively). Importantly, the removal of BFA further reduced the NAT activity by 35% (compare the hatched bar with the filled bar at ZT 20) . In contrast, the administration and removal of BFA had almost no effect on the HIOMT activity (Fig. 4b) . These results, together with the finding that melatonin did not accumulate in the cells (Table I ), indicate that the reduc tion in melatonin secretion caused by the removal of BFA (Fig. 3a) is predominantly attributable to the inhibition of NAT activity. BFA seems to have dual effects on NAT activ- ity, that is, an inhibitory effect during the treatment and an after-effect upon its removal (see "DISCUSSION" ).
Effect of BFA on NAT mRNA Level-Next, by means of quantitative RT-PCR analysis, we investigated the mRNA levels of NAT, HIOMT, and GAPDH in pineal cells, which were cultured under the same conditions as described in the legend to Fig. 4 . As reported previously (25, 26) , the amount of NAT mRNA at ZT 18 in the nighttime was much higher (about 3-fold) than that at ZT 6 in the daytime (Fig.  5a, open bars) , and conversely the amount of HIOMT mRNA at ZT 6 was about 3-fold higher than that at ZT 18 (Fig. 5b, open bars) . Under the conditions used, the amount of GAPDH mRNA remained almost unchanged (Fig. 5c,  open bars) .
Exposure of the cells to BFA from ZT 12 decreased the amount of NAT mRNA by 53% at ZT 18 or by 6017, at ZT 20 of the control (MeOH-treated) value (Fig. 5a , compare the shaded and filled bars for ZT 18 or ZT 20, respectively). The removal of BFA, however, had no further effect on the amount of NAT mRNA (compare the hatched bar with the filled bar at ZT 20) . Similarly, the administration of BFA decreased the amounts of HIOMT mRNA (Fig. 5b) and GAPDH mRNA (Fig. 5c) , and its removal caused no further decrease. Thus, the BFA treatment decreased the amounts of all the mRNAs examined here, but its removal had no further effect, Effect of BFA on the Pineal Circadian Oscillator-The BFA-dependent decreases in the amounts of various mRNAs (Fig. 5) raised the possibility that the BFA treat ment shifts the phase of the circadian oscillator in chick pineal cells. This is because the molecular machinery of the circadian oscillator is generally considered to contain a neg ative feedback loop based on the transcription and transla tion of clock genes (27) . We investigated whether or not 4-h treatment with BFA for various time periods within a day shifts the phase of the free-running rhythm of melatonin secretion in constant darkness (Fig . 6, a- at ZT 12-16 ( Fig. 6a) , ZT 4-8 ( Fig. 6e) , or ZT 8-12 (Fig. 6f) induced a transient reduction in melatonin secretion after removal of BFA, this being consistent with the time-of-dayspecific effect of the drug shown in Fig. 2 (i.e., effective from the afternoon to early night). Despite such a clear acute effect of BFA, there was no significant phase-shift of the cir cadian rhythm of melatonin secretion between BFA-treated and non-treated cells (Fig. 6, a-f 1 ) and reduced melatonin secretion (Fig. 2) . It should be emphasized that, although the Golgi apparatus was completely disrupted in the BFA-treated cells (Fig. 1) , melatonin secretion was not affected during the 6-h treatment with BFA (Fig. 3, a and b) . Moreover, no significant amount of melatonin was accumulated not only in the BFA-treated cells but also in the control cells (Table  I) , indicating the absence of cellular machinery for storing melatonin in chick pineal cells. Taken together, these re sults first demonstrate that, unlike other amine hormones, chick pineal melatonin could be released independently of the Golgi-derived secretory vesicles. Since melatonin is a rather hydrophobic compound, it may possibly diffuse in and pass through the plasma membrane passively Alterna tively, synthesized melatonin might be released actively by a specific transporter through the plasma membrane or by a Golgi-independent exocytotic pathway These possibilities have not been evaluated properly so far.
Effect of BFA on Melatonin Synthesis-Although the Golgi-derived vesicles were not involved directly in the pineal melatonin release, melatonin secretion was reduced by treatment with BFA. An unexpected finding in this study was that the removal of BFA reduced melatonin secretion (Fig. 3, a and b) . The lack of accumulation of cel lular melatonin after the removal of BFA (Table I) sug gested inhibition of melatonin synthesis, and in fact we found a stepwise decrease in NAT activity not only during but also after BFA treatment (Fig. 4a) . These two effects are discussed separately below First, the inhibition of NAT activity during the BFA treatment (Fig. 4a) can be ascribed to the decrease in its mRNA level (Fig. 5a ). Because the turnover of the NAT protein is veryfast (within a few minutes, 28), the decrease in its mRNA level may cause acute reduction of its activity due to the reduced supply of newly synthesized proteins. In contrast, HIOMT is a highly stable protein (>24h, 29). Therefore, its activity did not decrease during the BFA treatment (Fig. 4b ), even when its mRNA level was decreased (Fig. 5b) . Although NAT is thought to be the ratelimiting enzyme in pineal melatonin biosynthesis (24), we found that the reduction in NAT activity (Fig. 4a) induced no change in melatonin secretion during 6-h treatment with BFA (Fig. 3a) . A possible explanation for this is that at midnight when the NAT activity reaches a peak level, the amount of NAT substrate (i.e., serotonin) limits the rate of melatonin biosynthesis. This idea is based on the observa tion that prolonged BFA treatment starting at ZT 12 ( Fig.  3a, triangles) had an inhibitory effect on melatonin secre tion only after the peak of NAT activity at midnight. On the other hand, the effect of the prolonged treatment was more pronounced when BFA was administered from ZT 6 (Fig. 3b, triangles) . This is possibly because melatonin synthesis is limited by NAT activity from the afternoon, and hence the subsequent increase in melatonin secretion at night should be markedly reduced due to the lowered levels of NAT mRNA and activity In fact, it was reported that daytime treatment with inhibitors of RNA synthesis blocks the nocturnal increase in melatonin secretion more effec-tively than nighttime treatment, and these inhibitors have only minor effects on melatonin secretion during the treat ment (21) .
Second, the after-effect of treatment with BFA on melato nin secretion is distinguishable from the effect of prolonged treatment, in that the former had a stronger and more acute inhibitory effect than the latter (Fig. 3, a and b) . This is attributable to additional inhibition of the NAT activity caused by the removal of BFA (Fig. 4a) . It should be stressed that the inhibition was not accompanied by a fur ther decrease in the mRNA level (Fig. 5a) 3b ) and the reassembly of the Golgi morphology (Fig. 3 , ce) after the removal of BFA suggests a possible linkage be tween one or some of the mechanisms responsible for the post-translational regulation of NAT activity and the acti vation of ER-to-Golgi transport.
No Direct Linkage between the Golgi Apparatus and the Circadian Oscillator-BFA treatment for 4 h (Fig. 6 ) or for 12 h (data not shown) caused no detectable phase-shift of the chick pineal oscillator regulating the circadian rhythm of melatonin secretion, while the Golgi apparatus was com pletely disrupted by BFA treatment (Fig. 1 ). This indicates that the time-keeping mechanism of the oscillator is inde pendent of the Golgi apparatus. Considering that an inhibi tor of protein synthesis shifts the phase of the oscillator (21), we conclude that the Golgi-dependent vesicular transport of synthesized proteins is not involved in the oscillator system. Consistently, all known clock components are cyto solic/nuclear proteins (27) . It is proposed that the clock components constitute a transcription/translation-based negative feedback loop (27) . For instance, the transcription of Drosophila clock genes per and tim is inhibited by a combination of PER and TIM proteins, thus generating fluctuations in the amounts of their mRNAs and proteins (34). Recently, mammalian and avian homologues of per gene were identified, and their mRNA levels were shown to fluctuate in a circadian man ner (35-42). In this study, we found that BFA treatment lowered the mRNA levels of proteins such as NAT, HIOMT, GAPDH (Fig. 5) , and pinopsin (43, data not shown) to vari ous degrees, whereas the drug had no effect on the oscilla tor (Fig. 6 ). This suggests that the effect of BFA on mRNA levels is restricted to certain genes, or that a transient decrease in the mRNA levels of chick clock genes does not affect the central oscillator mechanism of pineal cells. In general, the Golgi apparatus plays a very important role in various cellular functions, such as the glycosylation, sorting, and transport of synthesized proteins/lipids, and the secretion of bioactive compounds. In chick pineal cells, however, it is unlikely that the Golgi-dependent vesicular transport plays a role in the melatonin release. The results presented here rather suggest a linkage between the reas sembly of the Golgi apparatus and regulation of NAT activ ity at the protein level. BFA has been widely used as a highly specific blocker of Golgi functions, but it should be noted that BFA may have an effect on mRNA levels through an unidentified mechanism.
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